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Atoms and Molecules* 
An Elelnentary Explanation of Modern Methods of Proving Their Existence 

By Jean Becquerel, Professor at the Museum of Natural History in Paris 

The idea of the discontinuous structure of mat- such as mercury), and that it may also be composed 
ter is a very ancient one. More than five hundre,d of 2, 3, or 4 atoms, or even more (di-atomic, tri
year,s before our era the philosophers Leucippus, atomic, tetra-atomic, etc.). 
Uemocratus of Abdera, and Moschus of Sidon con
ceived the idea that matter is formed of indlivisible 
and eternal ,atoms which move in infinite space. 
In a ,celebrated letter Epicurus wrote Lo Herodotull 
that there exist two kinds of bodies, composite bod
Ies and the elements which compose them; these 
last are inddvisible, immutable, and in perpetual 
movement; they link themselves together to form 
bodies. In the a,dmirable p oem written by Lucre
tius we find similar doctrines. Finally the ideas 
of Descartes and Leibnitz concerning the structure 
of matter can be traced to very sillllilar concepts. 

In this study I propose to show how the p,rogress 

of science h!Ul enabled us to develop and bring to a 

focus the theories concerning which the ancient 

philosophers had an intuition, and also to set forth 

the facta which have ma,de phYSicists and chemists 

feel certain of the existence of the atoms of which 

all the elements are formed. The fundamental 

laws of chemistry lead us to the logical belief that 

matter is discontinuous. Everyone knows that 

chemical substances are divided into elements 

whiich cannot be decomposed into other substances, 

and compound substances, which are formed by the 

union of several elements. Thus hydrogen and oxy-

gen are elements, while water, formed by their 

chemical combination, is a compound body. 
The law of definite proportions which we owe to 

Proust teaches us that two elements combine with 

each other to yield one or more compounds accord

ing to well-known proportions which are not capable 

of varying in a continuous fashion; for exampl .. , it 

we burn 2 gr. of hy,drogen we cOll5ume 16 gr. of 

oxygen and we obtain 18 gr. of water. These are 

fixed proporHons: It i:l not possi b1e to obtain a 

body having properties very similar to those of 

water by slightly cnanging the proportions of the 

hydrogen and oxygen. There is, however, a second 

possible combination: namely, 2 gr. of hydrogen and 

32 gr. of oxygen will unite to form 34 gr. of hydro

gen peroxide. Here again the proportions are fixed, 

but there is a discontinuity between these two com

pounds, both obtained by the union .of hydrogen and 

oxygen, and hydrogen dioxide is, in fact, a substance 

very different from water. It]s not by mere 

chance that the quantity o,f oxygen which combines 

wdtJh tJhe same quantity of hydrogen is exactly twice 

as great in one case as in the other: It is a par

ticular example of the law of Dalton, known as the 

law of multiple proportions, which may be' thus ex

pressed: 
If we observe all the compounds contalmng, among 

others, two elements, A and B. and if we compare in all 

the compounds the weights of B which are combined 

with the same weight of A, we find that the ratios be

tween these weights of B are always simple and very 

often e·qual. 
For example, in compounds containing oxygen 

and nitrogen we find weights of oxygen which are 
capable of uniting with 28 gr. of nitrogen are 16, 
32, 48, 64, 80 and 96 gr. These numbers are pro
portional to 1, 2, 3, 4, 5, and 6 respectively. To 
explain these laws 'Dalton assumed that each ele
ment is formed of atoms, very small particles which 
are idenUcal with each other in the same element 
but differ in different elements and which rema'lI 
indivisible even when they unite to form chemical 
combinations. 

The atom of an element is the smallest quantity 

of matter which is characteristic of that element and 

which is capable of entering into combination; the 

atoms unite with each other e�'en in the elements. 

and their union forms a molecule. The molecules 

of the same body are identical with each other, 

whether the body is s,imple or compound. The 

molecule of a compound body 'is formed by the union 

of the atoms of at least two different elements; we 

now know that the molecule of an element may be 

composed of a single atom' (mono-atomic bodies, 
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from La SC>'ence et fa Vie (Paris). 
1 In this particular case the molecule If! Identified with th� 

atom. 

Atomic bombardment rendered visible by the 
scintillation of a phosphorescent screen 
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Distribution of molecules of hydrogen. of 

helium and of oxygen, introducea in equal 
numbers in three test tubes maintained at 

uniform temperatureM 

Grapilic "epn:s1entatiou of the disordinated move

ments of three molecules. 
The direction of the trajectory changes each time that the 

molecule encountel"R any obstacle whatever. 
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The atomic hypothesis immediately makes clear 
the laws of Proust and of Dalton. These laws re
sult from the fact that a molecule contains a whole 
number of atoms and cannot vary except by the en
trance or the exit of at least one whole atom. Thus, 
if we assume that the weight of an atom of hydro
gen and of an atom or oxygen 'are in the ratio 1: 16, 
that the molecule of water contains 2 atoms of hy
drogen ,and one of oxygen, and that that of hydro
gen dioxide contains one more atom of oxygen, then 
the proportions of these two elements in water and 
in hydrogen d:ioxide will always be 'as 2: 16 and 2: 32; 
these will be fixed proportions with no possible 
intermediate, and there will be exactly twice as 
much oxygen in the hydrogen peroxide as in the 
water. 

In oroer to know the number of atoms which 
compose a molecule, chemical analysis is not suffi
cient. here there come in play the law of Gay
Lussac and the hypothesis of Avogadro. According 
to the former the volumes of gases which combine 
with each other (measured at like temperature and 
like pressur,e) bear a simple ratio to each other. 
Thus 2 ,liters of hydrogen will combine with ,one 
liter of oxygen to form two liters of water vapor. 
This law in connection with those which relate to 
changes of volume under the influence of pressure 
and 'of temperature led Avogardo to formulate, as 
early as 1811, the following hypothesis: All gases 
contain the same number of molecules in the same 
volume, under the same conditions of temperature and 
of pressure. 

It would take too long to explain here how this 
hypothesis has made it pOSSible, knowing the pro
portions by weight of the elements in d ifferent com
pounds to determine on the one hand the relative 
weights of atoms and on the other the number of 
a:toms which are contained lin a molecule. The rela
tive weights of atoms, expressed by taking as a 
unit the weight of the lightest, i.e., the atom of 
hydrogen, are called atomic weights. Hydrogen 
H = 1; helium He = 4; oxygen 0 = 16; nitrogen 
N= 14, etc. 

The molecular weight of a body is evidently equal 
to the sum of the weights of the atoms which form 
the molecule. Hydrogen (di-atomic) H.= 2; helium 
(mono-atomic) He = 4; oxygen (di-atomic) 02 =32; 
water 2H + 0 (usually written H.O) =2+16=18, 
etc. 

Accord:ing to Avogadro's hypothesis, 2 gr. of hy
drogen, 4 of helium, 32 of oxygen, 18 of water va
por, etc., occupy the same volume under the same 
pressure and at the same temperature, and con
tain the same number n of molecules. At a tem
perature of 0 'C. and at ordinary atmospheric pres
sure this volume is equal to 22.400 liters. 

To the number of grams of a body equal to the 
figure which represents its molecular weight we 
apply the term molcmle-gram of the body; this is 
the weight of 22.400 liters of the body in a state 
of gas. The molecule-gram contains n molecules 
and n which is the same in all bodies is termed 
Avogadro's number. 

The knowledge of Avogadro',s number involves 
the determination of the weights of molecules and 
of atoms-no longer their relative, but their actual 
weights. The actual weight of the atom of hydro
gen = lin, that of the atom of oxygen 16/n, that of 
the molecule of water 18/n, and so on. We shall 
see how it has been possible to determine in one 
manner or another the number of Avogadro and to 
discover the actual value of molecular magnitudes, 

The phenomena of diffusion prove that molecules 
are not immovable. For example, take two vessels, 
one above the other, the lower one containing car
bon-dioxide and the other hydrogen, and establish 
a communication between them. In spite of the 
difference of density and although the hydrogen, 
whIch is much lighter than the carbon-dioxide, has 
been placed in the upper vessel, we find, after the 
i-apse of a certain time that the two gases are in a 
state of intimate mixture in both vessels. This is 
the celebrated experiment of Berthollet. It fur
nishes obvious proof that the molecule51 are in mo
tion. 
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A theory which is already very old, i. e., the kin
etic theory of gases, has enabled us to explain the 
properties of the latter; it has led to a first deter
mination of the number of Avogadro and of mole

cular dimensions. The kinetic theory assumes that 
the molecules of a gas move freely in a straight 
line with a speed which depends upon the weight 
of the molecule and upon the temperature; the 

. '. 

. . . . .  

direction of movement of a 
molecule changes each time 
that it strikes an obstacle, or 

that it enters into collision 
with another molecule. The 

simply the mass of the 
gas. We shall indicate 
the results farther on. 
lt is possible for the 
individual speeds of 
molecules evidently to 
vary greatly from the 
average speed, since 
they are modified at 
each collision. How
ever, the average re
mains constant. 

In order to compare 

Uniform tempel'atur'e and pressure in the balloon 

Helium '''akl' Vapor 

\'uIIII .. 'I· of 1ll0Il\('UIt's ill t"adl balloon equal UHO,()"" billions of billions 

. .  
result of these shocks, which the different gases we 
are very frequent, is that the will take a molecule-

.. 
. .  : . ' .  

. '. 

Natural distri
bution of the par
ticles in an emul
sion in respect to 
the altitude of the 
liquid column. 

movement is completely dis or
dinated. Molecules have been 
compared to very small 
spheres, perfectly elastic, and 
having dimensions which are 
very small with respect to 
their average distances from 
each other (which ceases to 
be true when the gases are 
grea tly compressed) . This 
concept of molecular agitation 
immediately enables us to un
derstand why a gas fills uni
formly the entiI:e volume 
which contains it a n d  why it 
exerts 
walls 

a pressure upon the 
of the container: the 

pressure is due to the molecular 
bombardment. 

The law of Mariotte, which 
states that for a given mass 
of gas the pressure varies in 
inverse ratio to the volume 
(at a given temperature) is 
almost evident: Let us imag
ine a gas occupying a certain 
volume under a certain pres
sure; make the volume 11 
times as great While keeping 
the temperature constant; 

the number of molecules in each cubic centi

meter will be only one nth as great; therefore the 
product of the pressure by the volume ha's remained 
strictly constant. 

By the application of the law governing the shock 
of perfectly elastic bodies and supposing the mole

cular movement to be completely disordinated, it 
has been demonstrated that for a given mass of 
gas the constant product o f  the pressure by the vol

ume is equal to 1/3 of the product of the total num
ber o f  the molecules multipl;ied by the mass of a mole

cule and also by the square .o f the average rate of 
speed 2. This relation at once enables us to calcu
late the average speed of molecules. We know; in 
fact, the mass of the gas employed; we can measure 
the product of the pressure by the volume and we 

also know the product of the number of molecules 
by the mass of one molecule, for this product is 

2 We are here concel'lle<i '''ith the average quadratic rate of 
·speed, i. e., with the square of the average of the square!! 
of the rates of speed. The mass is the weight divided by the 
acceleration due to the force of gravity. It is this which ie 
measured by the balance, which compares the masses anli 
dONI not measure the weights; but since the masses and the 
weights are proportional when ;n the same place we are 
commonly in the ,habit of speaking- of weights instead of 
masses. 

Spherules of an emulsion, sorted by centrifugal 
for the purpose of calculating the number and 
the mass of the molecules contained in the mole
cule-gram of the substance studied. 

gram of each of them 
-according to the 
foregoing observa,tions 
all these m o l  e c ui e 

Two grams of hydrogen, foul' grams of helium, thirty-two grams of oxygen, 

eighteen grams of water, etc., occupy the same volume, according to the hypothesis 

of Avogadro, provided the pressure and the temperature are uniform. 

grams occupy the same volume under the same 
pressure and at the 'Same temperature, and contain 
II molecules (Avogadro's number). Let us now vary 

the temperature: <the laws of gases have proved that 
the product of the pressure by the volume is equal 
in all gases to a well-known constant (called the 
cc.nstant of gases) multiplied by the absolute tem

ptrature. This is the temperature or 273 degrees be
low zero centrigrade. (The absolute temperature of 
melting ice is 273 degrees, that of boiling water 373 
degrees.) 

Upon comparing this result with that whieh is a 
consequence of the kinetic theory it is readily seen 
that the average live fo'rce of a molecule (half the 

product of the mass by the square of the average 

speed is the same for all gases at the same tempera
ture and varies in proportion to the absolute tem
perature, or in other words the average speed Is 
proportional to the absolut.e temperature and in
versely proportional to the mass of the molecule 
(and consequently to the density of the gas). 

The product of the absolute temperature by a uni
versal constant represents, therefore, the average 
live force of any molecule whatever. Absolute zero 
is the lowest temperature of which it is possible to 

conceive; it is a limit which we can never expect to 
attain since it corresponds to absolute rest. . . .  ' We 

know, therefore, the average speed of the molecules 

of the 'ga,s. It remains to determine the avemge free 
distance traversed. The calculation of this results 
from the knowledge of the viscosit}1 of gases. Let 
us imagine two stra·ta of a gas moving parallel 
to each ouher but with different degrees of rapidity; 

the incessant bombardment of the molecules has a 
tendency to equalize these rates of speed; conse-

The phenomena of diffusion prove that 
molecules are not immobile. 

If we establish a communication between the two 
l'ecept'acles we find after the lapse of a certain tim<' 
that the two gases are intimately mixed (see at 
the right) although the ()arbon di-oxide, which was 
much lighter than the 'hydrogen, has been placed in 
t1w llPPlf'r ('ontainer. 

Gas pressure is due to molecular bombard
ment of the walls of the container. If the vol
ume of the container is augmented without 
changing the quantity of the gas, there are 
fewer shocks on the walls and the preEisure 
consequently diminishes. 
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quently, there is a friction of the two layers of gas 
upon each other. This frliction has been measured 

and it has been demonstrated that it is propor
tional to the dens:ity, to the average rate of speed, 

and to the free distance traversed. Knowing the 

latte,r we can easily calculMe the average number 
of collisiorls of a molecule per second; it is the q uo
tient of the average rapidity of tMs molecule by its 
avera·ge free di,stance travelled. 

Finally, it lis possible to calcul'ate the dimensions 

of a molecule if we suppose it to have a spherical 
form. Clausius and Maxwell have establ1shed theo

retically a pr:imary relation between the number of 
molecules, uhe diameter of each of them, and the 

free distance traversed; this is easily understood 

since the larger and the more numerous the mole
cules the smaller the free distance tr·aversed must 

be. A second relation between ·the number of the 
molecules and the diameter is given by the meas
urement relating to the compressibility of gases. 

From these two relat:ions we derive the diameter of 
a molecule and the number of Avogadra. We are 

in possession consequently of all the molecular 
magnitudes. Below are stated the results whIch 
they express. 

Average weight of speed at ordinary temperature: 
several hundred meters per second (oxygen at O°C. 
= 425 m.; hydrogen, 1,698 m.J. 

Average free distance traversed: order of magni
tude equals one ten-millionth of a millimeter (oxy
gen 0.000106 mm.). 

Average number of collisions of a molecule: several 
billions per second (oxygen equals 4,065 millions). 

Diameter of molecules: a few ten-millionths of a 
millimeter (argon 2.85/10,000,000 mm.).' 

Number of Avogadro: by the kinetic theory this 
is 63 times 10", but we shall adopt 68 times 
10" as a result of the experiments of Monsieur Jean 
Perrin, to whom we shall refer further on. 

Mass of an atom of hydrogen: 
1.5 10-24 gr. 1.47/1,000,000,000,000,000,000,-

000,000 grams. 

Thus we can form an ddea of the indescribable 

(:haos presented by a gas in normal condition: 

thirty billions of billions of molecules in a cubic 
centimeter; movements absolutely disordinated; 

rates of speed variable within large Umits, but equal 

"This calculation is made for a mono-atomic gas since we 
cannot assume that molecules are spherical except in the ca·� 
of mono-atomic bodies. 

A Plane Image of the Brownian Movement 
Taking horizontal d·isplacements o f  the grains in agitation 

so as to give them 'a common origin, the extTemities of the 
vectors are distribute() aroundtl!Ui origin �s bnllet boleti 
around � bun's eye, 
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to a few hundred meters per second in the great 
majority of cases; average distance traversed by 
molecule between two shocks about one ten-millionth 
of 'a millimeter; several billion shocks per second 
for each molecule. 

These figures stupify us either by their enormity 
or their minuteness. Here again are two results 
which are as curious as they are unsuspected: 

The total surface of the molecules contained in a 
cubic centimeter amounts to several square meters. 

If the molecules of argon contained in ,a cubic 
centimeter were placeJC1 end to end in a single line 
they would go round the earth two hundred times. 

These two results are a consequence of ,the im
mensity of the number of molecules. 

The knowledge of the number of Avogadro in
volves, as we have already said, that of ,all the mole
cular masses, which we obtained upon dividing this 
number by the molecular weight. 

• • • 
The success ·of the kinetic ,theory is hardly suffi

cient to carry with it complete conviction, by reason 
of the numerous hypotheses upon which it is based. 
This conviction cannot be acquired until more tan
gible phenomena enable us to verify the hypothesis 
of molecular movement and until, on the ·other hand, 
,phenomena entirely different in nature lead to the 
same value of the number of Avogadro. Among 
such phenomena we must place in the first rank the 
curious' and interesting one known as the Brownian 
movement. 

In 1827 the naturalist Brown called attention to 
the fact that small particles suspended in a fiuid 
are animated by disordinated movements. A study 
of these was made in 1888 by M. Gouy, from whom 
I will borrow the following description or the phe
nomena: 

"If the particles are numerous it will be seen that 
everything is in movement throughout the whole 
field of the microscope. It is ,a sort of trembling, 
or general trepidation, which forms an extremely 
striking spectacle. Each particle undergoes a series 
of displacements, which are rather difficult to de
scribe because they are essentially irregular . . .  
we perceive also that each of them revolves upon it
self regularly . . . everything happens in a word a s  
i f  each particle were subjected t o  a series o f  abso
lutely fortuitous impulsions oriented indifferently in 
every possible direction." 

The smaller the particle the more lively these 
movements are. The strangest characteristic of this 
BrowlliaJt movement is that it never ceases and that 
i! is entirely spontaneous. 

Numerous physicists have believed that the 
Brownian movement reveals the agitation of the 
molecules of the fluid in which the granules are 
suspended. The molecules of the fluid rush inces
santly against the granules and the smaller and 
more tenuous the particles are the less chance there 
is of an equilibrium being produced between the 
shocks. In a word, the particles held in suspension 
participate in the general and incessant agitation of the 
molecules of the fluid. 

It is this hypothesis which M. Jean Perrin has 
succeeded in verifying (1908) by the remarkable 
experiments which led him to a more correct deter
mination of the number of Avogadra, i.e., let us 
repeat, of the number of molecules contained �n the 
molecule-gram. 

The laws of gases are applicable to all molecules. 
whatever their dimensions may be. Van t'Hoff has. 
in fact, extended these laws to solutions: sugar dis
solved in water, for example, behaves exactly as the 
same number of molecules would do if they occu
pied in the gaseous state the same volume as that 
of the solution. The heavy molecule of sulphate of 
quinine containing more than 100 atoms behaves 
exactly like the light molecule of ,hydrogen. Since 
this is true, why cannot we extend the laws of 
gases to emulsions? In this way the hypothesis of 
the ,kinetic theory might be controlled by direct 
observation. The microscopic grains which are 
small enough to participate perceptibly in the move
ment of agitation and yet sufficiently large to be 
measurable would form, as M,. .Jean Perrin has 
justly ohserved, "the intermediary, the indispensable 
relays between the masses of our scale and the 
molecular masses." 

As we have stated, the average live force of any 
molecule whatever is equal to the product of the 
absolute temperature by a universal constant. This 
constant Is equal to one and a half times the quo
tient of the constant of gases (ilide the foregoing) 

by the number of Avogadro. Hence, if the gran
ules of an emulsion take part in the molecular agi
tation they must possess the s'ame average live force 
as the molecules and since these particles are vis
ible under the microscope it is possible to measure 
,this live force; consequently we thus obta'in the 
tient of the constant of gases (vide the foregoing) 
number of Avogadro. If we always find the same 
number for all kinds and sizes of particles, what
ever the temperature may be, and if, furthermore, 
this number approximates that which results from 
the kinetic theory, then we may say that we have 
succeeded in accomplishing at one and the same 
time the following things: 

II 
Measuremeuts of the Distribution of Particles 

A droplet of the emulsion is placed in a contaiuer having 
fL depth of about one·tenth of a millimeter and covored by a 
slide. The drop can be examined vertically in order to obtam 
fL view of the ensemble, and horizontally in order to observe 
in det'ail the movements of the grains of a g;iven section. 

1. We have imparted a considerable and even un
limited degree of credibility to the molecular theory. 

2. We have recognized the precise correctness of 
the explanation of the Brownian movement. 

3. We have obtained an experimental determina
tion of the number of Avogadro and consequently 
of molecular magnitude. 

M. Jean Perrin has succeeded in obtaining this 
result in various ways. 

In the first place it ,is necessary to obtain pre
cisely identical granules in the same emulsion. 
Perrin succeeded in doing this by a fractional cen
trifugation of emulsions of gamboge or of mastic. 
The operation requires patience-for example, in 
one of the most careful fractionizations it was nec
essary to treat 1,200 grams of gamboge in order to 
obtain at the end of several months a few grams 
of emulsion ,in which all the grains were ·of the 
same size. The granules were spherical; it was 
necessary to know their diameter and their density. 
Precise measurements ,have been made by several 
processes. In the majority of the experiments the 
diameter of the granules was not more than a few 
ten-millionths of a millimeter. 

ARGON 

Contents of One Cubic Centimeter of Argon Gas 
The molecules, which are inconceivably small, are. on the 

other hand, RO numerous, that if those in one cubic centimeter 
of argon could be .placed end to end ,they would encircle the 
earth 200 times. 

The determination of the number of Avogadra 
has been made by four different methods, to-wit: 

First method: Study of Displacement of Transla
tion.-The observer follows a grain in the field of 
the microscope and notes its position at equal inter
vals of time. If we know the dimensions of a grain, 
the viscosity of the liquid in which it is suspended, 
and the average of the squares of the trajectories 
traversed in equal intervals of time, we are able, 
by means of formulas which we owe ,to M. Einstein, 
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to calculate the average live force and consequently 
the number of Avogadro. 

Second method: Study of Rotations.-The grains 
revolve upon themselves; ,if they are comparatively 
large (a twentieth of a millimeter), we are able, 
thanks to visible internal inclusions which give us 
measuring points, to measure at equal intervals of 
time the angles at which they have revolved. The 
same formulas of Einstein likewise enable us to de
rive from these measurements the average energy 
of rotation (which is equal to the average live force 
of translaUon). 

Third method: Measure of the Speed of DijJu
sion.-That is, of .the rate of speed at which th& 
grains held in suspension distribute themselves in 
a portiOn of the liquid which originally did not 
contain them. 

Fourth method: Study of the Distribution in AL
titude of the Grains.-We know that the gases 
which compose the atmosphere of the earth become 

. increasingly rarefied in proportion as we ascend 
from the surface of the earth. The force of gravity 
which attracts the molecules toward the ground is 
counterbalanced by the tendency inherent in gases 
to distribute themselves through space; it is this 
diffusion of gases which prevents them from ac
cumulating totally upon the surface of the earth. 
The law of the distribution of gaseous molecules is 
very simples equal rarifications correspond to equal 
altitudes. 

Let us imagine an ,atmosphere composed of a pure 
gas, oxygen, for example, at the ordinary tempera
ture. Every time that we ascend for a distance of 
five kilometers, s tarting from no matter what alti
tude, we should find the pressure only half ,as great. 
But If t.he supposed atmosphere were of hydrogen, 
which is only one-sixteenth as heavy as oxygen, it 
would require an ascension of 16 X 5 = 80 km. to 
obtain a pressure one-half as great. The 'heavier 
the gas the more rapid the rarefaction, and the ratio 
of the altitudes to which .it is necessary to ascend in 
the two gases respectively to obtain the same degree 
of rarefaction is the inverse of the ratio of the 
weights of the molecules of these gases-which is 
quite logical. 

The terrestrial atmosphere is composed of a 
large number of gases; each of these possesses an 
atmosphere which is proper to itself ,independently 
of the others, so that the composition ·of the atmos
phere varies with the altitude. At the surface of 
the globe there is scarcely any hydrogen in the air; 
at 100 km. of ,altitude there is still less (Ii. little less 
than half); however, this small amount of hydro
gen forms at an altitude of 100km. 99/100 of the 
gases which one would find were one capable of 'as
cending to such an altitude, by reason of the fact 
t,hat the other gases are rarefied much more rap
idly. 

If the granules of an emulsion follow ,the laws 
of gases they must distribute themselves in func
tion of their altitude according to the same law, 
but the rarefaction must be enormously rapid. By 
applying the law which has just been indicated the 
ratio of the altitude to which it is necessary to as
cend in ,a gas and in an emulsion in order to obtain 
the same degree of rarefaction, is the inverse of 
the ratio between the weight of the molecule of the 
gas and the apparent weight of ,a granule (we are 
here cOllcerned with the apparent weight, the dif
ference between the weight of the granule ,and an 
equal volume of the liquid in which it is suspended, 
since the granule is subject to the thrust of the 
liquid). We have, therefore, by the measurement 
of the rarefaction corresponding to a known differ
ence of level in the emulsion, the means of com
paring directly the weight of an immaterial gaseous 
m olecule with the known wejght 011 a materiail 
granule. 

In order to measure the rarefaction we proceed 
in the following manner: the microscope being fo
cused upon a horizontal section of the emulsion, we 
limit the visual field of the apparatus in such a 
manner that there shall appear at the same time 
only a very small number of granules-a number 
which can be estimated correctly by a single glance 
of the eye. We note the number of granules per
ceived simultaneously at equal intervals of time and 
we make ,a very large number of observations in 
this manner-200 for example--and then add all the 
figures. We thus obtain. a first total. We next place 
under observation another section of the emulsion 
,at a different level-the difference in altitude from 
that of the section previously observed being me as-
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ured by means of the vertical displacement given to 
the microscope-and we then repeat the same op
rations precisely, with the same number of observa
tions, at the same intervals of time. We then ob
tain a new total by adding all these figures. The 
ratio between the two totals gives the ratio of the 
concentration at the two levels. Knowing the vol
ume of a granule, its density, and the density of the 
liquid, we possess all the data required for the com
parison with a gas and the determination of the 
number of Avogadro. 

M. Perrin has obtained the following values for 
the number of Avogadro: 

68.8 1022, or 688 thousand billions of billions, ac
cording to the scientific method of the displace
ments of translation; 65 1022, according to that of 
rotations; 69 1022, according to that' of diffusion; 
and finally, 68.2 1022, according to the method of 
distribution by altitude. 

As M. Perrin points out, the domain of the veri
fication of the laws of gases i.s quite considerable 
when we remember that the nature of the grains 
has varied, that the nature of the liquid has varied, 
that the temperature has varied (from minus 9 "C. 
to plus 58 "C.) that the apparent density of the 
grains has varied within wide limits, that the mass 
of the grains has varied in the ratio of 1 to 70,000 
and finally, that their volume has varied in the ratio 
of 1 to 90,000. 

I t  is evidently not by chance that we have obtained 
for the number of Avogadro figures so close to the 
figure predicted by the theory of gases (we have 
indicated 63 1022) under the most varied conditions 
of experiment. The beautiful experiments per
formed by Perrin furnish one of the best proofs of 
the objective reality of molecules; by these experi
mnts molecular movement is almost made visible, 
since the Brownian movement is a faithful image of 
it upon a large scale. There are still other pre
nomen a which have led to the determination of' 
molecular magnitudes. 

I should like to say a few words also concerning 
the irregular distribution of molecules, or fluctua
tions. 

Let us consider a very small volume of gas: by 
reason of the perpetual agitation of the molecules 
the number of these contained in this small volume 
is constantly variable; it undergoes fiuctuations.' 
The average value of the fiuctuations depends upon 
the volume under consideration and upon the aver
age number of molecules contained therein; this 
value, therefore, bears a relation to the number of 
Avogadro. It results from these fiuctuations that a 
luminous pencil of rays traversing the gas is dif
fused. Everyone has seen a ray of sunlight made 
visible by the dust suspended in the air; this dust 
diffuses the light. In the same manner any lack 
of homogeneity in a medium renders this medium 
disturbed and produces a lateral diffusion of the 
light. S ince the fiuctuations in gases involve a lack 
of .homogeneity they necessarily occasion the diffu
s'on of a ray of light. 

The proportion of light diffused depends upon 
the color of pencil of rays emanating from the lumi
nous source. In the case of a pencil of white 1ight 
coming from the sun (white light being formed, as 
we know, from the superposition of all the colors 
which one sees separated in the rainbow) there is 
an unequal diffusion of the different colors and it 
has been demonstrated that the result is a strong 
predominance of the blue. This is the explanation 
of the blue color of the sky, which rElsults from the 
hetrogeneous character which the fiuctuation in the 
distribution of the molecule imparts to the atmos
phere. 

If this hypothesis is correct the measur-ement of 
the ratio between the Intensity of the light received 
directly from the sun and the ,intensity of the light 
coming from a point in the sky at right angles to 
the sun will enable us to calculate the number of 
Avogadro. MM. Bauer and Moulin have performed 
this experiment and have obtained 60 1022; it would 
be superfiuous to remark upon the beauty of this 
result which gives us one proof the more of the 
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reality of molecules, and at the same time reveals 
the origin of the blue color of the sky. 

In the same order of ideas the study of the opa
lescence of vapors in the vicinity of the tempera
ture which we call the critical temperature has en
abled MM. Kamerlingh Onnes and Keesom to de
termine the n um ber of Avogadro in still another 
fashion. The .result obtained by them was 75 10" 

The phenomena of radio-activity have led to the 
determination of the number of Avogadro in vari
ous manners. I will indicate one of these processes. 
We know that radio-active bodies undergo a spon
taneous transformation, at the same time giving 
birth to a successive series of elements whose atoms 
have a more or less ephemeral life." These trans
formations are frequently accompanied by an emis
sion of rays called alpha rays; it has been demon
strated that the alpha rays are formed of a fiux of 
electrified particles animated by a very great de
gree of rapidity (attaining a speed of 20,000 km. 
'per second) . Experiments which I am unable here 
to describe have led to the belief that t'he alpha 
paI1ticle is -an atom of helium; moreover, it ,is known 
that the emission of alpha rays is always accompa
nied by the production of helium. 

By means of direct measurements it has been 
possible to count the alpha particles emitted in a 
given time by a given quantity of a radio-active 
body, such as radium, for example (Rutherford and 
Royds, Regener) ; among the methods employed I 
will cite the observation of the scintillation of a 
phosphorescent screen, each scintillation making the 
arrest of an alpha projectile: in this experiment the 
atoms have been made individually perceptible by 
the effect of the bombardment, each of them produc
ing a minute luminous fiash upon the screen. 

We know, therefore, the total number of alpha 
particles emitted in a second by a gram of radium; 
this number is enormous: 136 billions per second, 
which amounts in a year to 136 x 86,400 x 365 
billions of atoms (or of molecules, since helium is 
mono-atomic). It has been possible, furthermore, 
by collecting the helium engendered by a known 
quantity of radium, to measure directly the quantity 
of helium produced in a year, which has been found 
to be 156 cubic millimeters. 

Therefore this amount of helium ought to con
tain 136 X 86,400 X 365 billions of molecules, 
which Is done in the volume of the molecule-gram 
(22,400 cubic centimeters) 62 1022 molecules, a 
number very close to that obtained by the study of 
the Brownian movement. A similar determination, 
made with the helium disengaged by polonium, has 
given 65 10" (Mme. Curie and M. Debierne) . 

I can do nothing better, In closing, than to repro
duce Perrin's table, showing the convergence of the 
determinations of the number of Avogadro. Not 
only is .it true that one always finds, by each method, 
the same value, though varying t he conditions of 
the experiment within the widest limits. but, fur
thermore, phenomena which, a priori, appeared to 
bear no relation to each other, give almost exactly 
the same figures. Thus there is evidently a con
nection between these phenomena, and this bond 
must inevitably be the actual existence of molecules. 

Ph"nomena Observed 

Kln"tlc thl'ory. ylscosi' y of gases . . . . .  [Distribution of grain, . .  . 

Brownian movemf'nt 
Displacements ... ... . ... . 

lRotatiOns ....... .. . .... . 

.Di1I'usion . . . . . ... . .... . 

Fluctuations . . . . . • •  { CritiCal opa It'S('""(''' 
Blue of sl<y ..... . 

Spectrum of bla�k body .. .. . . ..... ..... . 

Charges of sphernles (in a g;ag) . . . . ..... . . . 

r Charges projected ...... . 

R dl tI it 
1 Helium engendered . .. . .  . 

" oac v .y . ..... Radium disappeared .. .. . 
Radiatpd energy ... .. . .. . 

N 

62 

68.3 

68.8 
65 

69 

75 
cc. 60 

64 

68 

62.5 
62 to 65 

71 

60 

"Vide the article by :.\1. Jean Becquerel entitled: La Radlio
Activit<' de la Matiere in La Science et la Vie, Feb., 1914. 

The Influence of the Six-Hour Day on Industrial 

Efficiency and Fatigue. 

Lord Leverhulme suggests tha.t, Instead of the 
usual eight-hour shift system, in which, as a rule, 
the machinery is runnln!,\' only forty-foqr hours a 
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week, the workers should be put on two six
heur shifts every day, viz., from 7 a. m. to 1.30 p. m., 
and 1.30 p. m. to 10 p. m. with half-hour breaks for 
meals By this means the machinery would be kept 
running for seventy-two hours per week, and, as 
the overhead charges for machinery are often higher 
than the cost of wages, it would still be possible 
to pay the workers as much for six hours' work 
as for eight hours' work, even if their rate of pro
duction did not improve in consequence of the short
er hours. 

The available evidence does not indicate that 
there would be much improvement of output in 
many industries. In the tinplate trade the mill
men sometimes work eight-hour shifts, and some
times s ix-hour shifts, and their hourly output was 
found to be only 10 per cent. greater in the latter 
instance than in the former. In the iron and steel 
industry a reduction of shift from twelve to eight 
hours caused no increase of hourly output from 
blast furnaces and rolling mills, but 2 to 9 per 
CEnt. increase from openhearth steel furnaces. In 
the cotton-spinning mills of the United States a re
duction of two or three hours in the weekly hours 
of work caused an almost proportional decrease of 
Qutput. However, very different results were ob
served in certain munition industries. Men engaged 
in the somewhat heavy operation of sizing fuse bodies 
increased their hourly output 39 per cent. when their 
nominal hours were reduced from sixty-seven to 
fifty-six per week, and their actual hours of work 
from 58.2 per week to 50.6 per week, or their total 
weekly output went up 21 per cent. Women en
gaged in turning -aluminum fuse bodies on capstan 
latres improved their hourly output 56 per cent., and 
their total weekly output 15 per cent., when their 
hours of actual work were reduced from 66.0 per 
week to 48.6 per week. The reason why reduction 
of hours causes such different effects in different in
dustries is because of the various degrees to which 
the work is controlled by the personal element, and 
by machinery. In sizing fuse bodies, the men are 
not dependent on any machinery whatever, and can 
speed up to any extent they wish. In turning fuse 
bodies, the women are to some extent limited by 
the speed of the machinery. In another operation 
known as boring top caps, the youths emplpoyed fed 
the caps into semi-automatic machines which could 
not be speeded up. Consequently their output could 
only be improved by their keeping more closely to 
their work, and it was found that when their hours 
of actual work were reduced from 72.7 per week to 
53.1 per week, their hourly output increased only 27 
per cent., or was insufficient to balance the reduc
tion of hours, and in consequence their total weekly 
output fell off 7 per cent. 

It is probable that in most industries the eight
hour day does not cause more than a moderate 
amount of physical fatigue. The workers suffer 
rather from monotony and boredom, as many of 
them are engaged in the same task day after day, 
and year after year. Especially on these grounds 
it is to be hoped that some such scheme as Lord 
Leverhulme's will gradually be adopted in the indus
trial world, but it cannot come suddenly,as it might 
fE'nder us unable to compete in the open markets of 
the world with other countries which adopted, for ,in
stance, two seven-and-a-half-hour shifts per day, in
stead of two six-hour shifts. 

Lord Leverhulme suggests that, in addition to six 
heurs' factory labor, the workers should spend two 
hours daily in educational and physical training. 
There is much to be said for this plan.-(Abstract of 
a paper re!ld before the Physiological Section of the 
British Association by H. M. Vernon, M.D.) 

"Storms of Cold" and Their Paths. 

Thunderstorms are usually divided into two classes 
(a) heat storms and (b) storms in depressions. The 
former are usually local in character, the latter ac
company line-squalls which are experienced in the 
southern sectors of depressions. The author describes 
a third type of thunderstorm, namely, "storm of 
cold," which occurs in a cold zone of air advancing 
from the north into a region where temperature is 
high, and upper winds are from the south. In these 
circumstances cumulonimbus clouds developing into 
thunderstorms are formed on the southern boundary 
of the cold wave, and are carried northwards by the 
upper south wind in a direction opposite to that of 
the north wind at the surface. Thus the storms travel 
backwards through the zone of cold air.-li'rolIl 
Comptes Rendus (Science Abstrqcts.) 
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